There is evidence that reperfusion injury of cardiac tissue may be caused by the generation of oxygen-derived free radicals and oxidants and by the induction of intracellular calcium overload, although the relation between these two mechanisms of injury is uncertain. In addition, the relation between the types of cellular injury and specific active species is unclear. In an attempt to resolve these problems, we investigated the effects of oxygen radicals and oxidants, which are purportedly generated during reperfusion after prolonged ischemia, and various antioxidants on contractility and morphology of cultured fetal mouse cardiac myocytes. Xanthine oxidase in the presence of xanthine, H202, HOCI, and NH2CI induced cessation of spontaneous beating followed by cessation of electrical stimulation-elicited beating but did not induce an increase in [Ca21]1. After prolonged incubation with xanthine oxidase+xanthine and H202, the cardiac myocytes showed morphological degeneration (at least 80% of the cells developed hypercontraction) with a concomitant increase in [Ca2+1]. These observations suggest that contractile impairment does not result in an increase of [Ca211i, but hypercontraction does. Catalase, but not superoxide dismutase, protected the cultured cardiac myocytes against xanthine oxidase+xanthine-and H202-induced contractile and morphological impairment. In the light of this observation, we hypothesize that the superoxide anion is not responsible for these types of impairment. Addition of dimethylthiourea (an *OH scavenger) and intracellular preloading with deferoxamine (an iron chelator) protected the myocytes against H202-induced contractile and morphological damage, but intracellular preloading with iron enhanced it. These observations led us to hypothesize that intracellularly generated OH may be a mediator of H202-induced injury to cultured cardiac myocytes. In addition, we observed that H202 itself induced cessation of spontaneous but not electrical stimulation-elicited beating. (Circ Res. 1993;73:758-770.) KEY WORDS * oxygen radicals * oxidants . cultured heart cells R eperfusion of cardiac tissue after prolonged ischemia is associated with persistent electrophysiological and mechanical dysfunction, including reduced action potential amplitude, reduced tension development, and elevated resting tension.1-3 It also results in release of intracellular enzymes (such as creatine kinase) and formation of hypercontractioninduced cellular necrosis.14 Recent evidence suggests
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Culture of Mouse Cardiac Myocytes
Mouse heart ventricles were removed from 14-dayold fetuses (ICR strain) and dissociated into single isolated cells by trypsinization, as described previously. 29 To exclude nonmyocytes, the cells were preplated at 37°C for 1 hour in FBS-MEM.30 They were then collected and passed through a Swinex filter lined with lens paper, plated (2x 10' cells per dish) in 35-mm plastic Petri dishes, and incubated at 37°C in FBS-MEM under a water-saturated atmosphere of 5% CO2 in air. The dishes were subjected to gyratory shaking for 30 to 60 seconds immediately after plating. A 1-to 2-mmdiameter sheet containing at least 104 cells was produced after 1 day. Almost all the myocytes attached and spread on the substrata of the Petri dishes, and all the cells in each sheet beat spontaneously and synchronously. The cells were cultivated for 20 to 26 hours at 37°C and then washed with 10 mL Dulbecco's phosphate-buffered saline.
Microscopic Observations of the Beating of Cultured Cardiac Myocytes
Microscopic observations of beating cardiac myocytes were performed using an inverted phase-contrast microscope (Olympus IMT 2 or Nikon Diaphot). During the observation period, the cells were maintained at 36°C and pH 7.3 in Eagle's MEM containing no methionine (to avoid possible antioxidant effects), and 5% CO2 in air flowed into the chamber.
Electrical Field Stimulation
After spontaneous myocyte beating ceased in response to treatment with an oxygen radical or oxidant, the cells were stimulated electrically. Two platinum 9 x 1.5 x 0.2-mm electrodes were immersed 10 mm apart in the bathing medium, through which the cells were stimulated at 1 Hz using an isolator-equipped electronic stimulator (Nihon Kohden, Tokyo). The wavelength of 450 to 490 nm was obtained using a 100-W xenon lamp with Nikon EX 450-490 interference filters. The fluorescent light was collected with a x40 objective lens (Nikon ELWD 160/0-2.5) and interference filters (Nikon BA520), which transmitted the fluorescent emission at >520 nm. The fluorescence signal was detected using a Nikon P1 system. Fluorescence was measured using fields containing 3 to 10 cells.
To minimize any effects of fluorescent light on the myocytes, the light-pass of the fluorescence microscope was shut off frequently, and the beating and shape of the cells were observed using the phase-contrast system during the shutoff period of the light-pass of the fluorescence system. The amounts of 02 and H202 produced by the xanthine (1 mmol/L)+xanthine oxidase (15 and 3 mU/ mL) system were estimated using the cytochrome c reduction assay32 and the scopoletin oxidation assay,33 respectively. The cytotoxic effects of the various free radicals were estimated by 5"Cr release34 and trypan blue exclusion. 5"Cr was loaded into the myocytes by incubation of freshly dissociated myocytes with culture medium containing Na2'5CrO4 (1.2 MBq per dish per 2 mL) for 20 to 26 hours at 37°C. The cells were then washed twice with Eagle's MEM and incubated with the various free radicals. Every 20 minutes, 200 ,L incubation medium was sampled, and the released 51Cr was quantified in a gamma counter. At the end of the experiments, the cells were suspended in 0.1N NaOH. Cytotoxicity was estimated as follows: percentage of 51Cr release=100(E-S)/(T-S), where E is released 5`Cr counts per minute during exposure of various free radicals, S is leaked`Cr counts per minute from control cells, and T is total`Cr counts per minute, ie, released NaOH. When 5"Cr release was >20%, we judged the reaction cytotoxic. When at least 80% of the cells developed hypercontraction, we concluded that "morphological degeneration" had occurred.
Cardiac myocyte ATP levels were measured fluorometrically by the firefly luciferase method,35 and their protein content was determined as previously described. 36 
Statistical Analysis
All values are presented as mean±SEM. Differences between groups were analyzed using one-way analysis of variance and the multiple range test. Values of P<.01 were considered significant. The respective concentrations of 02-* and H202 in Eagle's MEM after incubation with xanthine+ xanthine oxidase (15 mU/mL) for 30 minutes were 92+5.0 gmol/L (n=4) and 40+4.8 ,umol/L (n=4); after incubation with xanthine+xanthine oxidase (3 mU/mL), they were 39 ±1.0 ,umol/L (n = 4) and 12 + 4.0 gmol/L (n=4).
Results

Effects of Oxygen Radicals and Oxidants on the
Addition of high concentrations of HOCI (1.25 to 5 mmol/L) and NH2C1 (100 to 400 ,umol/L) also induced irreversible cessation of both spontaneous and stimulated beating in a concentration-dependent manner (Fig 1, Table 1 ). In contrast, low concentrations of HOCl (1 mmol/L) and NH2CI (50 ,umol/L) induced only transient (1 to 2 minutes) cessations of spontaneous beating; 20 minutes after spontaneous beating resumed, it had returned to, or approached, control levels (Fig 1) .
After further incubation with xanthine+xanthine oxidase (7.5 to 30 mU/mL), H202 (50 to 100 gmol/L), HOCI (2.5 to 5.0 mmol/L), and NH2C1 (300 to 400 ,umol/L), the myocytes underwent morphological changes. Bleb formation (Fig 2B) , balloon degeneration, and cellular hypercontraction ( Fig 2C) were characteristically induced by xanthine+xanthine oxidase and H202 (Fig 2) , and cells that underwent such changes recovered neither normal function nor normal morphology when the medium was changed to FBS-MEM. When the myocytes were exposed to HOCI or NH2C1, however, neither balloon degeneration nor hypercontraction was observed, but some cells, in particular those at the peripheral regions of the cell sheets, peeled off the culture dish substrata (Fig 2) . 
Effects ofAntioxidants
The contractile dysfunction and morphological degeneration induced by xanthine+xanthine oxidase were prevented by catalase but not by SOD (Table 2) .
DMTU, an -OH scavenger,37'38 delayed the onset of xanthine+xanthine oxidase-induced cessation of stimulation-elicited beating but not that of spontaneous beating ( Table 2) .
The morphological degeneration and cessation of stimulation-elicited beating, but not the cessation of spontaneous beating induced by H202, were prevented by DMTU (Table 2 ). Since. OH is generated from H202 in the presence of iron, we investigated the effects of iron and an iron chelator on H202-induced toxicity. Deferoxamine, a chelator of Fe3+, is incorporated into cells gradually,39 so cardiac myocytes were preincubated with this agent for 5 to 6 hours before the addition of H202. Deferoxamine attenuated and prevented H202-induced toxicity on spontaneous and stimulation-elicited beating ( (Table 3) .
In control experiments, the antioxidants did not affect the beating or the morphology of cultured mouse myocytes (data not shown). (Fig 3) , which suggests that ATPdepleted cells were more sensitive to the toxic effects of xanthine+xanthine oxidase and H202 than normal cells.
The morphological changes induced in ATP-depleted cells by xanthine+xanthine oxidase and H202 were prevented by catalase, and those induced by HOCI and NH2C1 were prevented by L-methionine (Fig 4) (Fig 5) ; the In this study, we investigated the effects of oxygenderived free radicals and oxidants, which have been proposed to be generated during reperfusion after prolonged ischemia, on the contraction and morphology of cultured fetal mouse cardiac myocytes. Although oxygen radicals have been implicated in postischemic cardiac dysfunction in vivo, it is far from clear which particular radicals mediate the derangement. The most frequently implicated etiological agent of primary and secondary free radicalinduced cardiac tissue damage during reperfusion after prolonged ischemia is 02-*. It has been reported that the administration of recombinant SOD40 or long-acting polyethylene glycol-conjugated SOD41 reduced the free radical production burst and prevented functional and morphological cardiac damage throughout the reperfusion period. Exposure of isolated myocardial tissue and myocytes to free radical-generating systems in vitro has led to the implication of 02-*, H202, HOCI, and * OH as mediators of contractile impairment. In this study, we found that xanthine+xanthine oxidase, H202, HOCI, and NH2Cl impaired both spontaneous and electrical stimulationelicited beating in a concentration-dependent manner.
Both xanthine+xanthine oxidase (a source of 02 *, H202, and * OH) and H202 (a source of * OH but not 02-*) exerted similar effects on contractile function and cellular contractile dysfunction and morphological degeneration were not prevented by SOD. These observations, in agreement with those of others,3842 suggest that°2-0 was not responsible for the xanthine+xanthine oxidase-induced impairment observed in cultured fetal mouse cardiac myocytes. SOD, however, prevented functional impairment in reperfused hearts in vivo. 41 To elucidate why the effects of SOD differ in in vivo41 and in vitro384042 systems, further precise studies on the kinetics and sites of 02--production in both systems using various types and concentrations of SOD43 44are needed.
Catalase was the only agent that protected cultured fetal mouse cardiac myocytes against both contractile and morphological impairment induced by xanthine+ xanthine oxidase and H202, thereby implicating H202 (which can be metabolized to. OH) as a candidate for a mediator of these effects.
A great deal of attention has been focused on the iron-catalyzed formation of * OH as an important step in the initiation of cardiac tissue reperfusion injury.45 To assess the effects of * OH on contraction and morphology, we exposed cultured myocytes to H202 in the presence of Fe3`-ammonium citrate, Fe3+-transferrin, and the iron chelator deferoxamine. H202 can diffuse through cell membranes and subsequently be transformed to * OH in the presence of iron in the intracellular space. Iron loaded with transferrin, Fe3+-ammonium citrate,46 DMTU37 (a scavenger for * OH), and deferoxamine appear to be able to diffuse through cell membranes and penetrate the intracellular space. Cell membranes appear less permeable to mannitol, SOD, and ionic iron. We found that the contractile and morphological changes induced by H202 were aggravated by Fe3+-ammonium citrate (20 gmol/L) and Fe3`-transferrin (25 gmol/L) but not by Fe-ADP, FeSO4, or 2.5 gmol/L Fe3+-transferrin. EPR studies have demonstrated that H202 alone generates no detectable * OH, but some * OH generation occurred in the presence of isolated rat myocytes, suggesting that endogenous iron may catalyze this reaction (the Fenton reaction).16 These observations suggest that intracellular * OH may be a mediator of H202-induced myocyte injury. The observation that deferoxamine, but not mannitol, attenuated H202-induced contractile and morphological impairment supports this hypothesis. An electrophysiological study47 showed that H202-induced changes of membrane potentials in guinea pig ventricles were prevented by DMTU and deferoxamine but not by SOD or mannitol. This suggests that * OH, produced intracellularly via the Fenton reaction, is mainly responsible for H202+iron-induced electrophysiological changes.
The development of the xanthine+xanthine oxidaseinduced loss of responsiveness of cultured mouse myocytes to electrical stimulation was delayed significantly by DMTU, which also protected the cells against H202-induced loss of responsiveness to electrical stimulation and morphological degeneration. In other studies,1638 DMTU delayed both the appearance of H202-induced contractile abnormalities and the genesis of cell rigor of isolated rat myocytes, and thiourea but not SOD protected against neutrophil-induced contractile dysfunction of isolated rat hearts. In our study, however, ( Table 2 ). This suggests that H202 itself induced impairment of the spontaneous, but not the electrically stimulated, beating and that intracellularly produced. OH is mainly responsible for H202-induced cessation of stimulation-elicited beating and morphological degeneration of cultured myocytes.
To assess the effects of HOCI and NH2C1, both of which can be generated by neutrophils,27 we exposed cultured mouse myocytes to various concentrations of these agents. We also found that ATP-depleted myocytes were more susceptible than normal cells to oxygen radicalinduced toxicity. A decrease in the calcium-handling activity of the sarcoplasmic reticulum and mitochondria in ATP-depleted cells may contribute to this high sensitivity to oxygen radicals. 58 Relevance to Cardiac Reperfusion Injury In Vivo
Our results using fetal myocytes in vitro appear consistent with some of those obtained using adult heart tissue in vivo, although caution is necessary when extrapolating, since some physiological and biochemical properties of cultured fetal mouse myocytes differ from those of aduilt heart tissues. For example, the shapes of the action potentials are different in adult and neonatal rat ventricleS,59 and in contrast with adult heart cells, the sarcoplasmic reticulum and mitochondria of fetal and neonatal myocytes are functionally and morphologically immature. 60 Nevertheless, the concentrations of H202 (7.5 to 50 prmol/L) used in our study are comparable to those that occur during reperfusion after prolonged ischemia of hearts in vivo. The total tissue concentration of free radicals in ischemic hearts in vivo, determined by EPR spectroscopy, reached approximately 3 g.mol/L overall and up to 16 p.mol/L transiently during reperfusion.61
Reperfusion-induced electrical and contractile abnormalities (eg, inexcitability and depression of tension development) of the heart in vivo also are observed in oxygen radical-treated myocytes in vitro. In the reperfused adult heart, these abnormalities may initially be reversible but are irreversible eventually, whereas the contractile abnormalities in cultured fetal mouse myocytes were readily reversible. Cultured fetal mouse myocytes may have a high reparative capacity that enables them to resume their normal function after exposure to oxygen-derived free radicals.
